We demonstrate coherent control of a quantum dot exciton using photocurrent detection with a sinusoidal reverse bias. Optical control is performed at low bias, where tunneling-limited coherence times are long. Following this step, the tunneling rates are increased to remove the long-lived hole, achieving a high photocurrent signal. For a detection efficiency of 68%, electron and hole tunneling times during optical control of 200 ps and 20 ns can be achieved, compared to 120 ps and 7 ns for the constant bias case, respectively. a)
Since hole tunneling is slow, the coherent lifetime of the neutral exciton |X 0 is dependent on two dominant decay paths to the crystal ground state, |0 : radiative recombination; or electron, followed by hole tunneling, resulting in a photocurrent.
Ideally, the contribution to the photocurrent is one electron-hole pair per pulse 4 , leading to the proposed use of such a device as an optically-triggered single electron source. In practice, there are three factors that limit the photocurrent detection efficiency. Firstly, there is competition between radiative recombination and electron tunneling rates 13 . Secondly, intensity damping reduces the population inversion 14 . Thirdly, the heavy-hole tunneling rate can be slower than the repetition frequency of the laser 15, 16 (T   −1 rep ), leading to Pauli blocking when the next pulse arrives. For an optimized repetition rate, the maximum photocurrent is limited to ∼ eΓ h , where Γ h is the hole tunneling rate. Hence there is a trade-off between the photocurrent signal and the tunneling limited coherence time of the hole.
In this letter, we propose and demonstrate the use of voltage modulation to overcome the trade-off between photocurrent detection efficiency and the carrier tunneling times that limit the coherence of both the exciton and hole spin. To illustrate the principle, consider the scenario of a square-wave modulation applied to the QD photodiode, which switches between reverse voltages V low and V high . During optical manipulation, the relatively slow tunneling rates Γ e,h (V low ) enable high-fidelity optical control. Afterwards, the tunneling rates are increased to Γ e,h (V high ), sweeping the carriers from the QD ready for the next laser pulse sequence. The hole tunneling rate Γ h (V low ) acting on the QD during optical control, and the maximum photocurrent signal ∼ eΓ h (V high ) are decoupled, overcoming the trade-off.
To demonstrate the principle, a simpler experiment using a cosine modulation is presented. The reverse bias applied to the QD is described by:
where t is the time after the arrival of the laser pulse, φ is the phase and V AC is the amplitude of the modulation.
The device consists of a layer of InGaAs QDs embedded in the intrinsic region of an n-iSchottky diode structure, with an additional 75 nm AlGaAs barrier to block hole tunneling.
A single QD is accessed through a 500 nm diameter aperture in an opaque Al mask. Full details of the sample can be found in ref. 15 . The sample is held at 4.2 K in a helium bath cryostat and is excited at normal incidence with circularly polarized, 0.2 meV FWHM Gaussian pulses, derived by optically pulse-shaping the output from a single 100 fs Ti:sapphire laser with repetition rate T −1 rep = 76.2 MHz. The system for generating an AC voltage synchronized with the laser pulses is presented in fig. 2 (a) , a similar circuit is used by de Vasconcellos et al 17 . The laser output is monitored with a photodiode. This signal is spectrally filtered to remove higher harmonics and amplified to be strong enough to trigger a function generator. Before connecting to the sample, the AC voltage is offset by a DC voltage (V DC ) using a broadband bias-tee. When φ = π, V (0, π) is at its minimum value, shifting the peak to lower energy compared to the DC case, with V AC = 0. The opposite is true for φ = 0 and the peak is shifted to higher energy. The voltage (V (0, φ)) applied to the QD at the time of arrival of the laser pulse is deduced from the energy of the photocurrent peak using the quantum-confined Stark-shift measured for DC voltages 19 . As shown in fig. 3 (c) , the voltage applied on arrival of the laser pulse, V (0, φ) oscillates as a function of phase φ with a frequency of 76.6 ± 0.3 MHz, confirming that the AC-voltage is effectively applied to the QD.
To measure the transfer of the applied AC-voltage to the QD, V AC is extracted from the fit presented in fig. 3 (c) and plotted as a function of the amplitude of the AC voltage specified by the function generator, V Gen AC , in fig. 3 (d) . From the gradient we deduce that 92% of the applied voltage modulation amplitude is transferred to the QD, suggesting that impedance matching is excellent. This is consistent with the estimated 0.9 ns RC-time of our unoptimized device. rep ×e). A photocurrent of 12.2 pA corresponds to one electron per pulse, i.e. η = 1. In the case of a DC bias, V AC = 0, the detection efficiency only reaches unity when V DC is greater than 1.0 V. For V DC below this value, due to slow hole tunneling, there is a high probability that the dot is occupied by a hole on arrival of the next pulse, preventing absorption of the laser pulse due to Coulomb-shift in the absorption energy. A sharp threshold is observed at V DC ≈ 0.52 V, below which the photocurrent amplitude is negligible. The threshold is attributed to charging of the dot by a single electron, suppressing the neutral exciton transition 20 .
In fig. 4 (a) are constants.
To test our understanding of the AC-modulation scheme, the detection efficiency is calculated and presented as the lines in fig. 4 (a) . The rate equation model is illustrated in fig. 1 (b) and considers the population of the crystal ground, exciton and hole states 15 . The carrier tunneling rates Γ e,h (V ) depend on the instantaneous applied voltage V (t, φ), and the radiative recombination is assumed to be independent of voltage due to the relatively small shift in energy over the voltage range used here 21 . The calculated photocurrent detection efficiency is given by η = f (Γ h ) × g(Γ e ), where:
Here, f (Γ h ) is the probability that the hole no longer remains in the QD when the next pulse arrives and g(Γ e ) is the probability that the exciton decays via electron tunneling instead of radiative recombination. An inverse radiative recombination lifetime of Γ r = 1/(400 ps) was extracted from a fit to the DC-only bias data. This value is consistent with literature values for the radiative recombination of InAs/GaAs QDs 22 .
The detection efficiency predicted by the model closely matches the experimental data for higher voltages (V (0, φ) > 0.6 V). However, the model does not explain the threshold behavior observed in the photocurrent at lower bias, which, as explained above, is related to a single electron charging threshold.
As an illustration of the improvement in the coherence times that can be achieved by using the AC-modulation scheme, we note that to achieve a detection efficiency of η = 0.68 (as indicated by the horizontal grey line in fig. 4 (a) fig. 4 (a) . The amplitude of the AC-modulated Rabi-rotation is increased to 8.4 ± 0.3 pA compared to the DC case 3.3 ± 0.2 pA for a pulse-area of π. Additionally, the contrast of the rotations defined as (P C(π) − P C(2π))/P C(π) for the case with AC modulation is 0.83 ± 0.06 and 0.70 ± 0.1 for the DC-only bias. As the two contrasts are similar within experimental error, we infer that on the timescale of the laser pulse, no additional dephasing is introduced by the AC voltage.
In summary, we demonstrate a voltage modulation scheme for overcoming the compromise between carrier tunneling and detection efficiency encountered in coherent control experiments using the photocurrent detection technique. In this scheme, coherent control is performed at low reverse bias where exciton coherence times are long. Afterwards, the bias is increased to sweep the carriers from the dot to be detected as a photocurrent. Future directions include experiments with more complex voltage waveforms, where electrical switching of the tunneling rates could be used to optimize hole spin initialization, control and detection using the photocurrent technique
